-INTRODUCTION
Because of its small mass and weak interatomic potential, liquid helium has such a large quantum mechanical zero point motion that it does not freeze unless pressure is applied. This motion, which persists in the solid, gives rise to the description of solid helium as a 'Iquantum crystal". The existence of both Bose (4He) and Fermi (3He) isotopes and of cubic and hexagonal phases of each allows effects of quantum statistics to be distinguished from those due to crystallographic structure. Also, helium is extremely compressible, allowing the density and elastic moduli, for example, to be varied over considerable ranges. Solid helium thus offers unique possibilities for observing quantum effects. Measurements of sound velocities and attenuation have proven as useful in understanding solid helium as they have in more conventional solids. Ultrasonic measurements have been used to provide information about lattice dynamics and about interactions between phonons in quantum crystals. Sound propagation has also been extensively used to study the properties of defects in helium, in particular dislocations.
II -REVIEW
Historically, the first measurements of sound velocities in solid helium /1/ showed that sound propagated normally, albeit slowly, in solid 3He and 4~e (and incidentally resulted in the discovery of the body centered cubic phase of 4~e). This work stimulated various attempts / 2 / to calculate the elastic properties of solid helium by modifying classical lattice dynamics. A series of sound velocity measurements /3/ using crystals whose orientation was known soon allo~red the elastic constants of body centered cubic (bcc), hexagonal close-packed (hcp) 4~e and bcc 3~e to be determined. These values could then be compared to theoretical predictions. In the case of 4He, inelastic neutron scattering experiments perf ormed around the same time /4/ provided even more detailed information about its lattice dynamics but, as yet, 3He has not been similarly studied. The next step, experimentally, was to determine the temperature dependence of the sound velocity (v) and attenuation (a). In ideal crystals, sound is expected / 5 / to propagate adiabatically at high temperatures with a rather small attenuation and a characteristic sound velocity (va) which decreases with temperature as 4 v (T) = v -aT .
(1)
At low temperatures and high frequencies, on the other hand, sound is expected to propagate as "zero sound" with a velocity approaching a constant as the temperature decreases and attenuation where 52 is the sound frequency. This zero sound behavior was observed / 6 / at 1 GHz in hcp 4He using Brillouin scattering techniques, but when measurernents at MHz frequencies were first made over a large temperature range, Franck and Hewko 171 observed several unexpected features. At high temperatures, sound in hcp 4He did appear to propagate adiabatically. The attenuation was low and the sound velocity showed the temperature dependence of eqn. (1). However, when the crystals were cooled below about half their melting temperature, the attenuation increased dramatically and remained large down to, the lowest temperatures, in contrast to the zero sound predictions. Simultaneously, the velocity departed £rom the adiabatic temperature dependence.
At about the same time, Wanner et al 181 made measurements on bcc 3~e which showed no such anomalous behavior in either the sound velocity or attenuation, leading to speculation that the effect in hcp 4He was due to its Bose statistics. However, further measurements /9,10/ showed that the low temperature velocity anomaly in hcp 4~e varied in magnitude and in sign from crystal to crystal and that it could be suppressed by adding 0.01% of 3~e impurities, implying that the effect was somehow associated with crystal defects. Wanner et al /IO/ were able to interpret their results in terms of the Granato-Lucke theory 1111 of vibrating dislocations and found typical dislocation densities RA % 2 x 105/cm2, loop lengths L % 10-3 cm and a damping B which varied with temperature roughly as ~2 .
Since then, a large number of experiments have confirmed the dislocation interpretation of the anomalous velocity and attenuation in hcp 4He and have provided a detailed understanding of dislocation properties in solid helium. In the study of dislocation dynamics, helium has some advantages over other materials. It can be prepared essentially free of al1 but isotopic impurities (which can be reduced to concentrations as low as 10-9) and it can be studied over a considerable range of densities in both bcc and hcp phases. Also, because its elastic moduli are a factor of about 103 smaller than metals, the resonance frequencies of dislocation loops in helium are typically a few MHz. Since measurements can be made co~itinuously from essentially zero temperature up to melting, dislocation resonance, both underdamped and overdamped, can be conveniently investigated in a manner not possible in conventional systems. Some of the acoustic experiments which have directly contributed to the current understanding of dislocations in helium are described below. Calder and Franck /12/ and Iwasa et al /13/ measured the sound velocity and attenuation in hcp 4He as functions both of temperature and of sound frequency. By assuming an exponential distribution of lengths, the latter authors were able to fit their velocity data very well at al1 frequencies and to qualitatively explain their attenuation results. Dislocation densities and loop lengths were in reasonable agreement with those of Wanner et al /IO/ and the damping was found to increase with temperature as T~.
From the orientation dependence of the attenuation due to dislocations, Tsuruoka and Hiki 1141 were able to identify the slip plane in hcp 4He as the basal plane. They also inferred that jogs pinned the dislocations near melting. Measurements of interna1 friction at lower frequencies by Tsymbalenko 1151 (at 15 and 78 KHz) and by Paalanen et al 1161 (at 331 Hz) also observed internal friction due to overdamped dislocations and demonstrated the validity of the Granato-Lucke mode1 over five decades in frequency.
The internal friction measurements 115,161 and work by Iwasa and Suzuki 1171 at MHz frequencies indicated that 3~e impurities affected dislocation motion at concentrations as low as 10-6. Al1 three experiments found that 3He atoms reduced the internal friction or attenuation, indicating that they pinned the dislocations. In addition, by changing the stress amplitude, each group was able to observe dislocation breakaway from pinning sites. From the temperature dependence of the breakaway stress, the binding energy between 3He atoms and dislocations was variously estimated to be 1.8 K 1151, 0.7 K 1161, and 0.3 K 1171. One interesting aspect of the work of Iwasa and Suzuki was that when the dislocations were completely pinned (by adding 1% of 3He to the 4He) they were finally able to confirm the low temperature ' 2~~ dependence of the attenuation (cf. eqn. (2)) expected in ideal crystals.
A final type of experiment which confirmed the importance of dislocations in attenuation studies was performed by Sanders et al 1181. They plastically deformed free standing crystals of hcp 4He and observed a large increase in the attenuation due to dislocation multiplication. Hiki and Tsuruoka /19/ have also observed a number of attenuation effects which they attribute to the production of dislocations by thermal stresses and their subsequent annealing.
There are very few relevant measurements on the bcc phase of 4He, mainly because it exists over such a limited range of temperature and pressure. Sanders et al h 8 / deformed free standing bcc 4~e crystals and, surprisingly, observed little or no change in the ultrasonic attenuation, indication that plastic deformation in bcc 4He does not involve the creation of dislocations but rather some other mechanism, perhaps the motion of vacancies.
In addition to the above experiments in which dislocations dominated the attenuation, Hikata et al 1201 have observed excess attenuation in both bcc and hcp 4He at very large stress amplitudes. This effect, which was also seen in liquid 4~e , was caused by lattice anharmonicity and resulting second harmonic generation.
Until about 1981, there had been no comparable studies showing effects of dislocations in 3He. Such experiments were of interest for several reasons. First, there were indications £rom the work on 4He 1181 and 3He 181 that dislocations in the bcc phase of helium might not contribute to the sound attenuation or velocity, a surprising result which needed to be confirmed at higher densities and with higher purity 3He. Secondly, measurements in the hcp phase would provide a direct comparison to the hcp 4He results and permit any effects due to isotope to be distinguished from those due to differences in crystal structure. Finally, the observation of nuclear spin ordering in bcc 3He at temperatures around 1 millikelvin provided an impetus for studying ultrasonic properties of 3He at low densities and temperatures.
In a series of papers 1211 Beamish and Franck recently reported the r sults of 9 ultrasonic velocity and attenuation measurements in both bcc and hcp He at frequencies from 3 to 21 MHz. They made measurements at various densities and with 4He concentrations ranging from 1.35 ppm up to 0.53%. In hcp 3He and in high density bcc 3~e (molar volumes 6 22 cm3) they observed essentially al1 the dislocation related phenomena previously seen in hcp 4He. These included a contribution to both the sound velocity and the attenuation whose frequency and temperature dependence were well described by the Granato-Lucke theory, pinning of the dislocations by 4He impurities and a resulting stress induced breakaway at large stresses. In addition, they found that applying high amplitude 3 MHz pulses at temperatures below about 0.3 K effectively pinned the dislocations. They showed that by then warming the crystals above about half the melting temperature the pinned dislocations could be completely unpinned via a thermally activated process invoiving mobile vacancies. They also observed this effect in hcp 4He, demonstrating its generality.
The results for low density bcc 3He (molar volume 24.2 cm3) were quite different.
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No dislocation contributions to either the sound velocity or attenuation were observed, confirming the early results /8/ of Wanner et al on less pure 3He. Iwasa et al /22/ have recently also studied bcc 3He at low densities and at 4He concentrations ranging £rom 10 ppm to 0.16%. Although they saw no dislocation effects in the purest crystals, they did see changes in both attenuation and sound velocity when the impure crystals were cooled below their isotopic phase separation temperatures (98 mK for the 0.16% crystal). They attributed these effects to the creation of large numbers of dislocations during the phase separation and found that these dislocations could be removed by warming the crystals above about 0.3 K. They studied the amplitude dependence of the attenuation in phase separated samples in some detail and found that the breakaway stress did not depend either on temperature or on 4~e concentration. From this they concluded that the attenuation was due to dislocations tunneling in the Peierls potential rather than breaking away from impurity pinning sites.
From this summary, it is clear that a great deal is known about the behavior of dislocations in helium. In fact, dislocation-sound wave interactions can now be used to study other phenomena such as vacancy motion and isotopic phase separation in solid helium.
In the remainder of this paper, 1 will briefly present some representative results of sound attenuation and velocity measurements in 3He. 1 hope these will demonstrate the considerable detail in which we now understand the behavior of dislocations in solid helium and also show that helium provides unique opportunities to study certain aspects of dislocation dynamics, particularly dislocation damping mechanisms.
III -EXPERIMENTAL RESULTS FOR 3He
The data presented here are the result of measurements of longitudinal sound velocities and attenuation in 3~e crystals grown at constant pressure. Ex~erimental details are given in ref. /24/. Fig. 1 shows sound velocities at 3, 9 and 21 MHz in a typical hcp 3~e crystal. The corresponding attenuation data (with a temperature independent background subtracted) are given in Fig. 2 . At high temperatures, the sound velocity shows the expected ~4 decrease (solid lines in Fig. 1 ) while the attenuation is relatively small. Below about 1.5 K, however, the sound velocities show substantial deviations from the adiabatic form (l), accompanied by large increases in the attenuation. where v is Poisson's ratio and vt is the transverse sound speed. These loops make contributions to the velocity change and attenuation and where B is the damping and A i s t h e e f f e c t i v e mass, given i n terms of t h e d e n s i t y p and Burger's v e c t o r b by A = npb2. 
Loops of l e n g t h a r e resonant a t t h e sound frequency Q and, a t low temperatures where t h e damping B i s s m a l l , make l a r g e c o n t r i b u t i o n s t o v and a . Loops s h o r t e r than t h i s l e n g t h reduce t h e sound v e l o c i t y w h i l e loops longer than fic i n c r e a s e

t low temperatures thus i n d i c a t e an average loop l e n g t h TEMPERATURE (KI
L longer t h a n 4 x 10-3 c m ( t h e resonant l e n g t h a t a/2n = 3MHz). (4) and (5)) were averaged over a d i s t r i b u t i o n of loop l e n g t h s which has a n average loop l e n g t h L and t o t a l d e n s i t y A. T y p i c a l r e s u l t s a r e shown i n Fig. 3 
( i n t h i s c a s e f o r a bcc 3~e c r y s t a l w i t h molar volume 20.1 cm3). To show t h e d i s l o c a t i o n c o n t r i b u t i o n more c l e a r l y , only d e v i a t i o n s of t h e sound v e l o c i t y from t h e a d i a b a t i c form a r e p l o t t e d . The s o l i d curves a r e t h e r e s u l t s of f i t t i n g t h e Granato-Lücke expressions (3)-(6) t o t h e v e l o c i t y d a t a a t a s i n g l e frequency (9 MHz). The sound v e l o c i t i e s a t 3 and 21 MHz a g r e e with t h e p r e d i c t i o n s of t h e Granato-Lücke model, a s do t h e q u a l i t a t i v e f e a t u r e s of t h e a t t e n u a t i o n . The d i s l o c a t i o n d e n s i t y (RA
= 2.62 x 1 0 3 cm-2 where R i s a n o r i e n t a t i o n f a c t o r of o r d e r 0.1) and average loop l e n g t h (L = 9.66 x 10-~cm) a r e comparable t o those found i n hcp 4tie/10,13/. The d i s l o c a t i o n damping was assumed t o b e of t h e form B = gTn and n = 3 gave t h e b e s t f i t t o t h e d a t a . The magnitude of t h e damping (g = 2.76~10-7 dyn-sec/~3-cm2) i ç a l s o s i m i l a r t o the 4~e value 1131. D i s l o c a t i o n parameters obtained from such f i t s a r e l i s t e d i n Table 1 f o r s e v e r a l b c c and hcp 3~e samples, a s w e l l a s f o r an hcp &He c r y s t a l . Note t h a t t h e d i s l o c a t i o n d e n s i t y R A v a r i e s considerably, f o r example by a f a c t o r of 25 between hcp 3~e c r y s t a l s w i t h i d e n t i c a l d e n s i t i e s . The damping magnitude g v a r i e s much l e s s a t a p a r t i c u l a r d e n s i t y , a s expected s i n c e i t i s an i n t r i n s i c property of t h e c r y s t a l .
Attenuation measurements a l s o r e f l e c t t h e e f f e c t s of d i s l o c a t i o n damping. Loops of l e n g t h fi a r e overdamped f o r B > Au(R) and underdamped f o r B < h ( f i ) . The t r a n s i t i o n from overdamped to underdamped Such behavior is in fact observed (Figs. 2 and 3b) . Table 1 lists values velocity and attenuation in bcc 3He of gvD3 using the Debye velocity (20.1 cm31mole). Solid lines are fits to VD (calculated fvom the Debye Granato-Lücke theory using parameters shown. temperature at each density). Considering the approximate nature of the fluttering calculation, the agreement between its prediction and the values in Table 1 , coupled with the T~ dependence of B, provide strong evidence that fluttering does dominate dislocation damping in helium.
We also demonstrated /21/ that the dislocations could be pinned by 4~e im urities.
Low 4He concentrations (% 430 ppm) had little effect but adding 0.53% of IHe eliminated dislocation effects. The sound velocity was of the adiabatic form (1) at al1 temperatures and frequencies and the attenuation remained low, indicating that dislocations were compl&ely pinned. Below 1 K, the attenuation at 3 and 21 MHz was well described by the zero sound expression a Q T~. Stress induced breakaway from pinning sites was also observed in this crystal as an increase in attenuation when the pulse amplitude was increased above a critical value Ac. From the temperature dependence of Ac, we were able to estimate the binding energy between a 4He atom and a dislocation in hcp 3~e as 0.27 K.
An unexpected feature of these experiments was the observation, even in pure 3~e samples, of dislocation pinning by large ultrasonic stresses. When either hcp or bcc crystals were cooled below about 0.3 K and large 3 MHz pulses (stress amplitude % 4000 dyn/cm*) were a p p l i e d , t h e a t t e n u a t i o n of t h e low amplitude measuring p u l s e s decreased and t h e sound v e l o c i t y changed, i n d i c a t i n g t h a t pinning of t h e d i s l o c a t i o n s had occurred. A f t e r warming t o near -melt.ing, then cooling a g a i n , t h e v e l o c i t y and a t t e n u a t i o n r e t u r n e d t o t h e i r o r i g i n a l (unpinned) v a l u e s -and t h e process could b e repeated.
E
No such e f f e c t r e s u l t e d when h i g h e r I f e i t h e r t h e 3 MHz p u l s e amplitude was k e p t small (6 1000 dyn/cm2) o r t h e temperature was held above about 0.3 K, no e f f e c t due t o t h e u l t r a s o n i c p u l s e s was observed.
TEMPERATURE (K)
By l i m i t i n g t h e number of l a r g e p u l s e s a p p l i e d , v a r i o u s s t a g e s of d i s l o c a t i o n pinning could be damping B a ~3 and B a T~, r e s p e c t i v e l y . a t four d i f f e r e n t s t a g e s . Data l a b e l l e d with t = 0.50, 0.45, 0.21 and 0.08 were taken a f t e r t h e a p p l i c a t i o n of s u c c e s s i v e l y more and l a r g e r 3 MHz p u l s e s a t low temperature. The s o l i d l i n e s a r e f i t s of t h e Granato-Lücke mode1 t o t h e v e l o c i t y d a t a assuming a f i x e d d i s l o c a t i o n d e n s i t y and damping and varying only t h e average loop l e n g t h L. The parameter t i s defined a s t h e r a t i o of t h e average loop l e n g t h t o t h e resonant l e n g t h ( t = L/Rc) and so t h e s u c c e s s i v e l y s m a l l e r v a l u e s o f t r e q u i r e d t o f i t t h e d a t a r e p r e s e n t a s h o r t e n i n g of loops. The decreases seen i n t h e a t t e n u a t i o n a s d i s l o c a t i o n s a r e pinned confirm t h i s i n t e r p r e t a t i o n .
The mechanism f o r d i s l o c a t i o n pinning by u l t r a s o n i c s t r e s s e s i s n o t c e r t a i n b u t may involve i n t e r s e c t i o n s of neighbouring loops /21/.
I n any c a s e , warming above about h a l f t h e melting temperature (* 1 . 5 K f o r t h e c r y s t a l of Fig. 5 ) unpinned t h e d i s l o c a t i o n s . By studying t h i s unpinning process i n d e t a i l , we were a b l e t o show /21/ t h a t i t was thermally a c t i v a t e d and t h a t i t s a c t i v a t i o n energy was j u s t t h a t f o r mobile vacancy formation. The same e f f e c t s were observed i n hcp 4~e , b u t were not s t u d i e d i n d e t a i l .
From these experiments, it now appears that we have, in 3~e as well as 4~e , a fairly complete picture of dislocation dynamics. Some puzzles remain, including the mechanism for pinning by ultrasonic stresses and the apparent absence of dislocation effects in bcc 4~e and 3~e at low densities. Since it is in these low density crystals that quantum effects, such as tunnelling, are most important, R A = 5.68 x 1 o2 B = 3.78 X 1 0 . '~~ they may prove to be an interesting field for future ultrasonic investigations. The experiments described in this Temperature (KI section were performed with Dr. J. P. Franck and were supported in part by grants from the National Sciences and Engineering Council of Canada. Temperature (K) 
